The optimisation of amorphous silicon layers (a-Si:H) is of key importance to obtain high efficiency heterojunction (HJ) solar cells. However, since many mechanisms take place in photovoltaic energy conversion, good electrical and optical properties of a-Si:H films do not always result in high efficiency HJ devices. This is principally due to the use of very thin layers were interfaces are of capital importance and bulk properties are not always the main guideline to best results on solar cells. In this work, we focus on the doping analysis of (n) and (p) a-Si:H layers directly and their impact on solar cell results. First, we have deposited and characterized simple (p) and (n) a-Si:H layers and then we have integrated them on full heterojunction solar cells. We have correlated the solar cells characteristics (Jsc, Voc and FF) with layer properties in order to understand the main mechanisms involved in the high performance of HJ devices. Finally, we have chosen the best layers to improve the efficiency of our heterojunction solar cells on (n) c-Si 125PSQ wafers up to 20% on an industrially-compatible process.
Introduction
Silicon heterojunction (HJ) solar cells based on thin hydrogenated amorphous silicon (a-Si:H) layers deposited on crystalline silicon substrates (c-Si) are attracting more and more attention due to their numerous technological advantages [1] [2] [3] [4] . Since 1991, Sanyo has been demonstrating the high potential of this technology [5, 6] with the so-called HIT solar cell structure and they have recently certified a record efficiency of 23% with a 200μm thick Cz n-type c-Si HJ cell [7] .
These structures processed at low temperature allow the use of thinner c-Si substrates in a costeffective fabrication process. Many studies have shown that surface passivation of c-Si is the key parameter for the performance of high efficiency HJ solar cells. As surface to volume ratio is increasing with the cost-driven reduction of solar cell thickness, there is a need of using higher quality thin a-Si:H layers on both front side and rear side of a c-Si wafer to effectively passivate the junction [8, 9] .
In this paper, we present the optimization of (p) and (n) a-Si:H layers used respectively at the front and back side of the HJ solar cells to improve the performance of n-type HJ devices. Moreover, complete HJ solar cells resulting from the incorporation of the preceding layers will be also presented.
Experimental details
Layers of a-Si:H have been deposited by PECVD technique. For the film optimization, n-type FZ c-Si polished substrates (<100>; 300µm; 1-5 Ω·cm) and corning were used to perform wider characterization. Both, (n) and (p) a-Si:H layers were deposited at 200°C from SiH 4 /H 2 /PH 3 and SiH 4 /H 2 /B 2 H 6 doping gas mixture respectively.
In contrast, HJ solar cells have been fabricated on high quality FZ n-type monocrystalline 125psq wafers (<100>; 200µm; 1-5Ω·cm). The wafers were randomly textured, cleaned and dipped in HF to remove the native oxide and saturate surface dangling bonds by hydrogen.
A thin buffer layer is used just before deposition of the p-doped layer to enhance passivation. Finally, the front side is finished by ITO and a screen printed grid while the back side is a ZnO:B /Al stack.
The passivation quality has been tested by means of Quasi-Steady-State Photoconductance (QSSPC) [10] . The thickness and microstructure of the films are estimated by Spectroscopic Ellipsometry (SE) and conductivity has been measured by 4 point probes. SIMS, FTIR and complementary measurements have been performed to deeply understand the properties of our layers.
Results

p-doped layers
The variation of the doping on (p) a-Si:H layers has been performed in the range of 0-7800ppm keeping constant all the other PECVD process conditions, substrate temperature at 200ºC, and thickness to 12nm. It is important to mention that the obtained passivation results refer to complete stacks consisting of 5nm of buffer layer followed by the 12nm of (p) layer; the other characterisation is performed directly on the single (p) layers, though the results are not completely representative of the final device. Figure 1 summarises all the results concerning passivation, FTIR, SIMS, spectroscopy, ellipsometry and conductivity measurements as function of B 2 H 6 doping.
As shown in previous work [11] an optimum of gas doping for p-doped layers can be found for its application in solar cells. As clearly seen in figure 1a, implied Voc and effective lifetime of (p) layers at 1 sun decreases as the boron content in the gas mixture is increased. Analogously, FTIR results are also well correlated with passivation quality. The larger the monohydride (Si-H) fraction, the better the passivation quality of the layers. As expected, high doping of the samples results in an increase of the defect density and consequently the passivation properties deteriorates. It is particularly interesting to remark that the sample deposited at 7800ppm of B 2 H 6 is richer in Si-H 2 bondings, compared to these lightly doped samples. Moreover, the effective absorption becomes higher as SIMS-measured boron concentration in the samples increases (figure 1b), which is in direct relation with the tightening of the layer's band gap (figure 1d). However, it is worth to note that the boron concentration effectively incorporated in the layer saturates at a certain value of B 2 H 6 around 4000ppm and remains constant when further increased. For that reason, the passivation achieved at higher doping is the same, no matter the quantity of diborane introduced in the reactor. Conductivity measurements performed on p-doped layers indicate that conduction is easier when increasing the boron quantity in p-doped layers. However, this is valid until a certain doping threshold while the defects introduced in the layer are not too high.
n-doped layers
Concerning (n) layers, a wider study has been performed regarding the main PECVD process parameters: (i) pressure -0.5T to 2.0T -, (ii) inter-electrode distance and (iii) doping -0 to 833ppm of PH 3 in the gas mixture -. For all depositions, care has been taken to ensure a constant thickness of 10nm for each n-doped layer.
QSSPC and SE measurements show that layers deposited at low pressure regimes such as 0.5T result in epitaxial structures no matter the doping concentration. However, as the process pressure is increased, a decrease on the crystalline fraction content in the layers is observed specially when increasing PH 3 flow rates. Above 0.8T, no crystalline fraction is observed, so complete amorphous layers are deposited. 
Nevertheless, the passivation quality of the layers varies with doping, and the maximum implied-Voc is not obtained at the same doping for all process conditions (figure 2a). Thus, when increasing pressure and the electrode distance, the highest value of implied-Voc is moved to lower concentrations of PH 3 . This can be explained through a better incorporation of the doping gas into the film. Better passivation layers are obtained with a low defect density of states but enough field effect due to the active doping. In order to keep on the characterisation of the n-doped layers a process pressure of 1.5T and 35mm of interelectrode distance have been fixed. Figure 2b shows how the passivation quality of these (n) samples is deteriorated as the doping concentration increases and consequently, the defects in the layer increase [12] . According to these results, the compromise between field effect and density of states for a single layer is obtained with the slightly doped layer at 78ppm. Generally, the conductivity of the doped a-Si:H layers is directly linked with its doping level, so dark and light conductivity measurements have been performed on 70nm thick layers deposited on glass substrates. Results are shown in Figure 2c . As mentioned before, a relation between conductivity (field effect) and defect density (interface defects) in the n-doped layers can be observed when comparing results on figures 2b and 2c. 
Cells
Finally, HJ solar cells were fabricated using different layers to evaluate different choices of (p) and (n) layers. All measured parameters are shown on figure 3. The main parameter following the efficiency trend is the FF, affected mainly by the variation in series resistance values.
Varying the boron content of the (p) layers used at the front side of the HJ solar cells we obtain devices with constant Jsc and poorer Voc when B 2 H 6 is increased. Taking into account the work presented in previous investigations [11] , we observe the same tendencies even if the c-Si substrate type is not the same. Nevertheless, the Jsc trend is not exactly equal since we use an intermediate buffer layer that contributes significantly to the minimisation of the heterointerface defect density and thus to the enhancement of the passivation quality, reaching Voc values over 700mV. Surprisingly, the maximum efficiency value is founded at around 2000ppm of B 2 H 6 , analogously to [11] . At that point we obtain a compromise between the increased defect density and the higher doping concentration necessary to have a good contact with the TCO. These results are well correlated to higher absorption and lower passivation properties of heavily p-doped layers. As seen in figure 3b we have an enhancement of FF and device efficiency while the boron content is high enough to create a sufficiently large field effect to promote charge carrier transport, but low enough to avoid defect creation. On the rear side of the HJ solar cell, a back surface field (BSF) has to be formed in order to efficiently collect the minority charge carriers. Compared to [11] it is clear that PH 3 doping on the back side layer is more effectively incorporated than the B 2 H 6 gas introduced in a p-doped BSF. For that reason, the doping quantity needed to create an electrical field sufficiently high to accumulate the charge carriers is much smaller in the case of an n-doped BSF.
Concerning the results on (n) layer analysis in solar cells, the increased D it present in the 833ppm ndoped layer (figure 2b) does not has a detrimental effect on the overall device performance, although the passivation of the layer itself is poorer than the obtained at lower doping flows (78ppm).
Non-doped or lightly doped layers used at the rear side of the solar cells introduce not enough doping level in order to create a sufficient field effect, blocking in this way the movement of carriers into the rear side of the cell. Measurement of the IV curves of these devices shows a typical S-shape, indicating that such layers are not good enough for use as a single layer.
To further investigate and enhance passivation with n-layers, double layers between the crystalline silicon substrate and the rear side transparent conductive oxide will be tested in future work. These stacks applied to rear side of HJ devices are expected to enhance the performance of solar cells through the reduction of the D it at the amorphous/crystalline heterointerface.
Conclusion
In this work we have characterised a wide variety of (p) and (n) doped a-Si:H layers for its application on n-type c-Si heterojunction solar cells. We have shown that increasing the deposition pressure, the passivation quality of the layers is deteriorated when the doping content is incremented. This is due to a large increase of the defect density in the amorphous material.
In order to correlate the properties of these doped layers and their performance on solar cells, HJ devices have been fabricated. A modification of the B 2 H 6 doping concentration on the emitter structure leads to an efficiency decrease, related to an increased defect density on the (p) layer. In contrast, a PH 3 quantity variation on the BSF indicates that a sufficient n-doping content on the (n) layer has to be applied in order to have the right accumulation layer on the rear side of the solar cell.
Finally, the development of best doped a-Si:H layers has allowed us to produce 20% efficiency HJ cells. Since full understanding of the doped amorphous silicon is of crucial importance for its application in HJ solar cells, more improvements will be done to further enhance device efficiencies.
